Tractor seat design can be used as a means to modify loads on body structures to reduce operator's discomfort. The overall comfort and performance of the tractor seating system consist oi fi-ame. cushion. covers. suspension and damping mechanisms. Vibration attenuation in a tractor seat is achieved by selecting the proper suspension and damping mechanism. The vibration characteristics of cushion materials are often overlooked. This paper describes a method of vibration characterisation of tractor seat cushion materials to improve operator's comfort. Nine commercially available seat cushion materials of different density, thickness and composition were randomly selected for this study. Transmissibility data were obtained by measuring input acceleration values on the base plate and output acceleration values at mass at different frequencies from 1 to 7 Hz. It was observed that vibration transmissibilities at resonance and the resonance frequency were significantly affected by the thickness of cushion materials. In the frequency range above the resonance, especially at frequencies higher than 5 Hz, the thinner sample had a higher transmissibility than the thicker sample. In contrast, over the frequency range below the resonance, especially at frequencies lower than 4 Hz, thicker samples had a higher transmissibility than the thinner samples. The synthetic rubber foam cushion materials l.9D (thickness of 101 mm, density of 69.72 kg/m 3 ) and D (thickness of 54 mm, density of 68.70 kg/m 3 ) may be recommended for tractor seat pan and backrest cushion materials, respectively on the basis of vibration characteristics.
INTRODUCTION
The current population of tractors in India is around 3.0 millions and more than 0.25 million tractors are added to Indian agriculture every year. India today stands as the largest manufacturer of tractors in the world. With the high degree of mechanisation of farms along with increasing size and complexity of farm machinery, a safe and comfortable working environment for the operator becomes an important consideration if productivity and customer satisfaction are to be enhanced (Gerke and Hoag. 1981 ). The work tasks on a tractor necessitate a number of actions to be performed by the operator, which puts various demands on the body. Examples of these demands are front steering of the tractor. Looking backwards to observe and control the machine/implement, force required to operate/clutch and brake pedals etc. The task and workplace determine the postures and create a pattern of loading on the structures of the body of the individual. The seat is one component affecting these loads. Tractor seat design can be used as a means to modify loads on body structures to reduce operator's discomfort.
A good tractor seat has been defined as the one that gives good support to the driver under dynamic condition, reduces the transmission of vibration from the tractor to the body of the operator, and provides a comfortable ride with respect to temperature and humidity. Open cell polyurethane (PU) foam has become the preferred material for automotive seat cushion manufacturing. It provides a significant decrease in the weight/performance ratio when compared to a more traditional steel spring seat support system. The design of a seat can affect both static (posture) and dynamic (vibration) comfort (Patten et al., 1998) . Manufacturers of automobiles, trucks and tractors must practice both ergonomics and aesthetics in designing and engineering seating. The overall comfort and performance of the tractor seating system consist of frame, cushion, covers, suspension and damping mechanisms. Major tractor manufacturing companies outsource their seating requirements in an effort to improve quality and to control costs. Companies that specialise in the dynamics of seating purchase materials from other companies. As a result, many suppliers are involved in producing seats for a single tractor. Pywell (1993) studied seat cushion design that offered support that is more consistent to an occupant in static and dynamic application in cars. It was observed that the platform cushion suspension design had the potential of providing additional isolation at critical vehicle frequencies while providing a buttock support system appropriate for driving over long durations as compared to a foamblock design. Ebe (1993 Ebe ( , 1994 investigated the effect of PU foam composition and density on the vibration transmissibility of rectangular shaped samples and automotive seats. Eight male subjects sat on different rectangular samples and automotive seats in this study. The seat transfer functions of the samples were determined using two minute exposures to broad band (0.8 to 20 Hz) random vibration at 1.0 m/s 2 r.m.s. He observed that rectangular samples had a higher transmissibility and a lower frequency at their resonance compared with the seats. There was a statistically significant difference for both the transmissibility at resonance and the resonance frequency of four samples with different compositions having the same density of 49 kg/m 3 . There was no statistically significant difference for vibration transmission of five samples with dilferent densities. He concluded that the density of polyurethane foam was not an effective factor to control the vibration transmission and dynamic ride comfort of automotive seats. He also concluded that the transmissibility of a seat might be predicted from results with rectangular samples and affected by foam composition and subject weight. Ebe (1997) studied the effect of cushion thickness on vibration transmissibility of polyurethane foams. He selected four rectangular PU foams, which had the same foam composition, density (58 kg/m 3 ) and same shape (500 x 500 mm 2 ), but different thicknesses (50, 70, 100 and l20 mm). The observed dynamic data indicated that the thicker foam had a lower resonance frequency and higher transmissibility at resonance. lle concluded that changing foam thickness included the resonanlce frequency and transmissibility more than changing foam composition or foam density/hardness. It was concluded that changing toam thickness is a useful method of changing the foam static and dynamic properties. Cavender and Kinkelaar (1996) developed a laboratory procedure to measure the vibrational characteristics of polyurethane foam by means of a constant g frequency sweep method. It was observed that resiliency of seat cushion materials can be predicted by vibration transmissibility. They concluded that TDI (tolune diisocyanate) foam, while exhibiting a higher transmissibility peak (higher resiliency) enters the damping region i.e. A o /A i <1, long before the MDI (methylene diphenyl diisocyanate) foam. Crocco and Kinkelaar (1997) studied the vibrational characteristics of foam cushions made with different technologies with three seated male subjects using vibration time histories from three road surfaces. The SEAT (Seat Effective Amplitude Transmissibility) method was used to quantify seating comfort. They observed that foams made with TDI, while had low natural resonance frequencies Vibrational Characteristics of Tractor Seat Cushion Materials and Ride Comfort.
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and low transmissibilty after the peak, gave better ride comfort than MDI foams. They concluded that the foams made with the Hyperlite -XL technology had the best ride performance overall.
Limited studies on tractor seat design have paid attention to design and characteristics of seat cushions for operator comfort. Seat design has been conducted in the past without the benefit of a clear understanding of the dynamic characteristics of the cushion materials used for tractor seats. Vibration attenuation is a major contributing function of the seat towards comfort. For a composite seat, vibration attenuation is achieved by adjusting the vibrational characteristics of the springs to compliment those of the tractor. The seat cushion works as a shock absorber. It must be designed/selected to arrest a moving object with minimum load transmission. It acts by decelerating the moving mass with resistive force and thus it may be chosen to have a particular dynamic stiffness and to be able to undergo a sufficiently large deflection to bring the mass to rest. Seats containing high resiliency (HR) polyurethane foam made with both TDI and MDI based formulations have been used mostly for automotive seating. In tractors, however, different manufacturers use different types of seat cushion materials depending on their choice and liking. Hence, there is no consistency in the use of a particular material with proven suitability based on research findings. Therefore, this paper describes the method of vibration characterisation of tractor seat cushion materials to improve ride comfort. It also investigates the effect of different cushion materials composition and density on vibration transmission.
MATERIALS AND METHODS

Selection of samples
Nine commercially available seat cushion materials of different densities, thickness and compositions were randomly selected for this study (Mehta, 2000) . These cushion materials are generally used in different combinations in Indian automobile and tractor seats. The selected cushion materials of different thicknesses were medium density PU foam (M, 2M and 4.4M), high density PU foam (H and 2H), synthetic rubber foam (D and 1.9D), and locally available coir type (C and 1.5C). The prefix number to each cushion material identifier indicates the sample thickness relative to the thinnest sample of that material. For example, high density PU foam 2H is twice as thick as compared to the thinnest high density PU foam H. The coir type seat cushion materials C and 1.5C are hard and they are generally laminated with medium density PU foam for use as tractor seat cushions. Therefore, the coir based cushion material C was laminated with medium density PU foam M and 2M to develop two new composite seat cushion materials CM (75% coir, 25% foam) and C2M (60% coir, 40% foam), respectively by using Dendrite adhesive. Similarly, coir based cushion material 1.5C was laminated with medium density PU foam M to develop another composite seat cushion material l.5CM(82% coir, 18% foam). The specifications of the nine commercially available cushion materials and three developed composite seat cushion materials are reported in Table I The seat cushion supports 60 to 70% of the body's static mass depending on body shape and size, and its posture in the seat. The seat pan cushion is compressed with much higher forces than the seat backrest cushion due to greater vertical acceleration as compared to fore-aft or lateral acceleration under dynamic condition (Pywell, 1993) . Therefore, it is generally recommended that the thickness of tractor seat cushion on the seat pan must be greater than that on the backrest. Hence, seven seat pan cushion materials (4.4M, H, 2H, D, l.9D, C2M, and 1.5CM) and four seat backrest cushion materials (2M, H, D, and CM) were selected in this study. Three test samples of size 160mm by 160mm and of standard thickness were cut from each type of the seat cushion slabs. The linear dimensions and densities of the each selected cushion samples were determined as per Indian Standard IS 7888(BIS,1976). 
Vibration characterisation
The tractor seat cushion materials must be selected in order to dampen the vibration that causes discomfort for the operator of a tractor. There is no standard procedure for vibrational characterisation of tractor seat cushion materials. The procedure developed by Cavender and Kinkelaar (1996) for polyurethane foam was used in this study.
Figure 1 Line sketch of set up for measurement of vibration transmissibility of seat cushion materials
The line sketch of the experimental set-up is shown in Fig. 1 . The selected cushion sample was placed on the base plate (Fig.l) of the mechanical exciter and a mass was set freely on the cushion sample. The mass was 108 N (50% IFD) and was of the same diameter as a standard indentation force deflection (IFD) indentor, with an area of 323 cm 2 used for real time characterisation (Mehta and Tewari, 2001) . A vibration meter type 2511 (Bruel & Kjaer, Denmark) was used with the piezoelectric accelerometer type 4370 (Bruel & Kjaer, Denmark) to measure the input acceleration values on the base plate (A i ) and the output acceleration values of the mass (A o ) The acceleration data were measured at frequencies l to 7 Hz, in steps of 0.5 Hz. Tractor vibrations were used as input vibrations (A i ) to test the different seat cushion materials. There are three advantages in testing this way. Firstly, it is a controlled analysis under realistic conditions. Secondly the vibrational charactcristics of the cushion itself can be determined, without interference from the other seat components. Thirdly, the measured tractor vibrations are also a component to calculate vibration transmissibility. Transmissibility is reported as the response or mass acceleration over the input acceleration.
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Transmissibility =
It is critical to realize that transmissibility results are geometry and mass specific, therefore, this method is useful in comparing two cushion samples but it would be incorrect to make direct comparison to other methods or to an operator in a fully assembled seat.
RESULTS AND DISCUSSION
The linear dimensions and densities p of the nine commercially available cushion materials and three developed composite seat cushion materials (CM, C2M and 1.5CM) are reported in Table I . One factor analysis of variance (ANOVA) of density of the selected cushion materials shows that there was no significant difference in densities within cushion samples. But there was significant difference (probability, P<0.01) in densities among different cushion materials.
Pair comparison technique was used to compare the differences in the mean densities between two different samples. The Bonferroni multiple comparison test based on Student's "t" statistics showed that there was no significant difference in mean densities of cushion samples M, 2M and 4.4M; H and 2H; C and 1.5C; and D and I .9D at the 5% level. This may be because the composition of these cushion samples, for example M, 2M, and 4.4M were of medium density PU foam; D and 1.9D were of synthetic rubber foam. and C and 1.5C were of coir type. Therefore the selected tractor seat cushion materials were of dilferent compositions and thicknesses. There was significant difference in densities of seat cushion materials under different compositions e.g. medium density PU foam. high density PU foam. synthetic rubber foam etc.
The vibration transmissibility/frequency measurement made on seven seat pan and four seat backrest cushion samples are shown in Figs. 2 and 3 , respectively. As shown in Figs. 2 and 3 , there are three regions within a transmissibility curve. At frequency significantly lower than the resonance peak the output and input vibrations are similar and transmissibility (A o /A i~ 1) is equal to one. In the resonance peak region, the output vibrations are greater than the input vibrations. Finally, at frequencies significantly higher than the resonance peak the output vibrations are less than the input vibrations. The transmissibility (A o /A i < 1) is less than one and attenuation occurs. Attenuation by the cushion materials isolates the operator from terrain and tractor vibrations and contributes to ride comfort.
Figure 2.
Vibration transmissibility of the selected seat pan cushion samples 3 show that there is a difference in resonance frequencies and transmissibilities at resonance among the selected samples. The 99 mm thick coir based composite seat pan cushion sample C2M had the highest transmissibility at resonance, followed by composite seat cushion sample 1.5CM and synthetic rubber foam cushion sample l.9D (Fig. 2) . The 44 mm thick high density PU foam H had the lowest transmissibility at resonance. The coir based composite seat pan cushion sample C2M provided the best vibration isolation in the attenuation region, and had a low resonance peak frequency. However, the synthetic rubber foam sample 1.9D provided good vibration isolation in the attenuation region, had a low resonance frequency and lower transmissibility compared to C2M sample. Figure 3 shows that the transmissibility at resonance was the highest for 80 mm thick coir based composite seat backrest cushion sample CM and was the lowest for 39mm thick medium density PU foam 2M. The synthetic rubber foam seat backrest cushion material D provided the best vibration isolation in the attenuation region and had a lower transmissibility compared to composite sample CM and lower resonance peak frequency compared to PU foam samples 2M and H. Figure 4 shows that the thicker medium density PU foam sample 4.4M had a resonance frequency at 4 Hz while it was at 5.5 Hz for thinner cushion sample 2M. The damping (A o /A i <l) for these cushion materials started between 5.5 to 6 Hz. The resonance frequency for both the high density PU foam cushion samples H and 2H was at 5.5 Hz but the damping started before 6 Hz for 2H and after 6 Hz for H ( Fig.  5) . Similarly, the resonance frequency for thicker synthetic rubber foam cushion sample 1.9D was at 4 Hz while it was at 5 Hz for thinner sample D and damping started at around 6 Hz for both the samples (Fig. 6 ). The resonance frequencies of coir based composite seat cushion samples C2M, l.5CM and CM were at 4, 4 and 4.5 Hz, respectively (Fig. 7) . The damping started at around 5.5 Hz for all the three cushion samples. Therefore, it can be concluded that resonance occurred between 4.0 to 5.5 Hz and damping (A o /A i <l) started at around 5.5 Hz for all the selected cushion materials. Since, the seated humans are most sensitive to vertical vibration at about 6 Hz (spinal resonance), it was clear that most of the seat cushion materials attenuated all input vibration at that frequency. The damping in cushion materials 2M, l.5CM, D and 4.4M started at around 6 Hz or above. Therefore, these cushion materials may not attenuate vibration at and below 6 Hz frequency. It was also observed that the thicker cushion materials had a lower resonance frequency and the thinner cushion material had a higher resonance frequency. It means that the increase in thickness of a cushion material results in lowering the resonance frequency of that cushion material. Figure 5 shows that the vibration transmissibilities below the resonance frequency (5.5 Hz) for thinner high density PU foam sample H were lower than that for thicker high density PU foam 2H. The vibration transmissibility values above the resonance frequency for thinner cushion sample H were 1.42 and 0.90, and these were 0.75 and 0.60 for thicker cushion sample 2H at 6 and 7Hz, respectively. Similar trend was also observed for other cushion materials. In the frequency range above the resonance frequencies, especially higher than 5 Hz, thinner samples had higher transmissibility compared to thicker samples. In contrast, over the frequency ranges below the resonance frequencies, especially lower than 4 Hz, thicker samples had higher transmissibility than thinner samples. This means that in the frequency range below the resonance frequency, a thicker cushion material transmits more vibrations than thinner cushion material while at frequencies above the resonance, a thinner cushion material transmits more vibration than a thicker cushion material. This may be due to bottoming out in thinner samples. If the cushion material is greatly compressed, the cushion behaves more rigidly due to non-linear characteristics. The bottoming occurred more easily in thinner cushion materials. Therefore, it may be concluded that by changing the cushion thickness, vibration characteristics could be changed.
Figure 7.
Vibration transmissibility of coir based composite seat cushion samples.
The resiliency characteristics of seat cushion materials can be predicted from vibration transmissibility. The seat pan cushion sample C2M with the highest transmissibility near the resonance had the highest resiliency and also had the best damping after the resonance peak. Figures 2 and 6 show that the peak transmissibilities are the lowest for synthetic rubber foam cushion samples D and 1.9D. Figure 6 also shows that the resonance frequency and transmissibilities after the resonance for 101mm thick synthetic rubber foam 1.9D are lower as compared to 54 mm thick synthetic rubber foam D for seat pan cushion samples. The lower resonance frequency of around 4Hz helped in extending vibration attenuation to lower frequencies and lower transmissibilities after the peak are preferred to improve vibration attenuation. Therefore, 101 mm thick synthetic rubber foam is recommended for use as tractor seat pan cushion material. Similarly, it was observed that transmissibilities after resonance are the lowest for 54 mm thick synthetic rubber foam seat backrest cushion sample D (Fig. 3) . Therefore, this cushion material provided the best vibration attenuation. Hence, 54 mm thick synthetic rubber foam is recommended for use as tractor seat backrest cushion material.
CONCLUSIONS
The selected seat cushion materials of different thicknesses had different densitites and compositions. The vibration transmissibility at resonance and the resonance frequency was signif1cantly affected by the thickness of cushion materials. In the frequency range above the resonance, especially at frequencies higher than 5 Hz, the thinner sample had a higher transmissibility than the thicker sample. In contrast, over the frequency range below the resonance, especially at frequencies lower than 4 Hz, thicker samples had a higher transmissibility than the thinner samples. The synthetic rubber foam cushion materials 1.9D (thickness of 101 mm, density of 69.72 kg/m 3 ) and D (thickncss of 54 mm. density of 68.72 kg/m 3 ) may be recommended for tractor seat pan and backrest cushion materials respectively on Vibrational Characteristics of Tractor Seat Cushion Materials and Ride Comfort.
the basis of vibration characteristics.
